where fD is the maximum Doppler spread and T is the channel symbol period, the bandwidth redundaincy can be as high as 20% [ 11. A novel technique that employs both of the data and pilot symbols for fading estimation has been proposed to significantly reduce the bandwidth redundancy of the PS A systems [4]. However, the teclmique only works effectively at high signal-to-noise ratios (SNRs), but is inferior at low SNRs. In systems where trellis-coded modulation (TCM) is used, the operating SNRs are normally in the lower end and so the PSA technique also has to work effectively at low SNRs. Tlie teclmique, therefore, becomes less attractive for use with TCM.
L INTRODUCTION
Pilot symbol aided (PSA) transmission is a very effective method to combat multipath fading in the mobile radio environments [l-41. In a PSA system, redund'ant bandwidth is required to transmit the pilot symbols. In a fast fading environment with f D T = 5x
where fD is the maximum Doppler spread and T is the channel symbol period, the bandwidth redundaincy can be as high as 20% [ 11. A novel technique that employs both of the data and pilot symbols for fading estimation has been proposed to significantly reduce the bandwidth redundancy of the PS A systems [4] . However, the teclmique only works effectively at high signal-to-noise ratios (SNRs), but is inferior at low SNRs. In systems where trellis-coded modulation (TCM) is used, the operating SNRs are normally in the lower end and so the PSA technique also has to work effectively at low SNRs. Tlie teclmique, therefore, becomes less attractive for use with TCM.
A bandwidth-efficient PSA teclmique that GU work effectively at low SNRs is proposed in this paper. Monte Carlo computer simulation has been performed to assess the effectiveness of the teclmique on the bit error rate (BER) performances of trellis-coded 16-ary quadrature amplitude modulation (TC-16QAM) in the flat Rician and shadowed Rician fading channels corrupted with additive white Gaussian noise (AWGN). Tlie results have shown that, in a fast fading environment with f D T = 5 x , the teclmique requires a bandwidth redundancy of only 6.67%, yet achieving good performances at low SNRs.
PROPOSED PSA TECHNIQUE
The system model used in this study is shown in Fig. 1 . In the transmitter, the data are first trellis encoded and then block interleaved. The TC-16QAM encoder has a rate of % and eight states respectively, in the 16QAM signal constellation. Equation (9) clearly shows that the combining process accentuates the signal with a higher S N R and suppresses the one with a lower SNR.
The fading effect y k , i is then estimated using linear 7 k . i is then re-estimated as (4) which iS used as yk,l+l , y k k , m , yk,l-l Or y k , n in (5) and (6) t0 estimate the fading effect on the next data symbol of the same frame [41. Alternatively, y k , l can be estimated by minimizing the square of the symbol estimation errors as [4] where y k , m and ykk,n are the fading estimates on the m-th and The combined symbol rL,i is then deinterleaved and fed into the Viterbi decoder to give the output data symbol C I~,~.
The decision depth of the Viterbi decoder is 32 symbols, and the maximum likelihood decoding metric is given by [3] ( 5 ) (6) n-th symbols, respectively, and m<i<n.
The two fading estimates, j k , l and y k , l , are used to where the weighting factor UkJ is obtained as 
RESULTS AND DISCUSSIONS
The qmbols i,, and G,l are weighted and added as Monte Carlo computer simulation has been used to study the BER performances of the proposed technique on TC- superior at higher SNRs but inferior at lower SNRs. Thus at lower SNRS, the technique is not suitable for the system. However, Fig. 2 shows that the technique proposed in tlus paper can achieve either better or equal performances under all conditions tested. The performances are considerably better at higher SNRs or with longer frame lengths. With L = 15, the technique starts gaining advantages at a S N R of about 5 dB and can greatly reduce the BER from 3 x to 6 x at S N R = 30 dB. Here the required bandwidth redundancy is only 6.67%.
The BER performances of TC-16QAM in light and average shadowed Rician fading channels, with fDT = 5 x and L = 5, 10 or 15, are shown in Figs. 3 and 4 , respectively. The BER performances of TC-16QAM in a heavy shadowed Rician fading channel with a slower fading rate of fDT = 2.5 x and L = 10, 15 or 20 are shown in Fig. 5 . Here again, with shorter frame lengths, the proposed technique has about the same performances as linear interpolation at lower SNRs. With longer frame lengths, the technique achieves notably better performances than those of linear interpolation at higher SNRs. Therefore, in the bandwidth-limited TCM systems where low bandwidth redundancies, i.e. long frame lengths, are required, the proposed PSA technique is obviously better.
V. CONCLUSIONS
A bandwidth-efficient fading estimation technique for use with TCM has been proposed and studied. The technique employs both data and pilot symbols for fading estimation.
Computer simulation results have shown that in the flat Rician and shadowed Rician fading channels, the proposed technique outperforms linear interpolation at low SNRs, yet requiring low bandwidth redundancies, so it is suitable for use with TCM. -.:+.
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